ABSTRACT: The present study investigated the in vivo hemocytic and hepatopancreatic response to Vibrio parahaemolyticus and white spot syndrome virus (WSSV) injection in shrimp Litopenaeus vannamei. The proliferation of bacteria and virus in shrimp, animal mortality, total hemocyte counts (THCs), phenoloxidase (PO) activity, respiratory burst, and gene expression of immune factors associated with immune recognition (lectin), prophenoloxidase (proPO) activation, and the anti-microorganism (lysozyme) and active oxygen defense response (including respiratory burst, cytosolic manganese superoxide dismutase [C-MnSOD], and catalase [CAT]) were quantified. Shrimp death rate increased significantly and was time-dependent after V. parahaemolyticus or WSSV injection. The production of superoxide anion, and the gene expression including lectin in hemocytes, proPO in the hepatopancreas, lysozyme, C-MnSOD and CAT could be induced by injection with V. parahaemolyticus and WSSV. The highest value of lysozyme was in the hemocytes with 66.59 times (at 3 h) greater expression than in the control group after WSSV injection and 3.69 times (24 h) greater than in the control group after V. parahaemolyticus injection. In the hepatopancreas, CAT expression showed a significant increase, with up to 16 times greater expression than in the control group at 6 h post injection with WSSV and 7.02 times greater expression than in the control group at 48 h postinjection with V. parahaemolyticus (p < 0.05). However, significant decreases in PO activity and proPO transcripts in hemocytes and lectin transcripts in the hepatopancreas were detected after V. parahaemolyticus and WSSV injection (p < 0.05). The results suggest that lysozyme, the antioxidase system, and reactive oxygen species might play a crucial role in shrimp defense against bacterial and viral infection.
INTRODUCTION
Shrimp, like other invertebrates, do not have acquired immunity. Instead, they have developed an innate immune system to avoid being consumed by hostile microorganisms (Loker et al. 2004 ). This innate immune system consists mainly of a non-self-microorganism recognition system, a prophenoloxidase (proPO) activating system, a phagocytosis, encapsulation and clotting system, and a bactericide system, including the synthesis and release of antibacterial peptides and reactive oxygen compounds.
The innate immune system of shrimp can be triggered by pathogens and mediated by the pattern recognition proteins (PRPs) (Janeway & Medzhitov 2002) . Therefore, recognizing non-self material that has gained entrance into the body is considered to be the first and essential step. C-type lectin is one of the PRPs of the innate immune system of invertebrates, and it plays an important role by serving as a PRP or opsonin in shrimp defense against bacteria and virus infection (Liu et al. 2007 , Sun et al. 2008 . However, the current understanding of lectin involvement in crustacean non-self recognition and immune response is limited. The proPO system is a key immune response pathway involved in the immune defense of invertebrates, leading to melanin production, cell adhesion, encapsulation, and phagocytosis (Söderhäll et al. 1998 , Sritunyalucksana et al. 2000 . Its activation involves a complex enzymatic cascade system which consists of many associated factors. Recently, some researches have focused on the variation in phenoloxidase (PO) activity and proPO transcripts in hemocytes during the shrimp immune response (Sritunyalucksana et al. 2000 , Okumura 2007 ). However, the details of the relationships between the proPO system and other immune factors in the shrimp anti-bacterial and antiviral immune response are not clear.
The anti-bacterial and anti-viral responses play an extremely important role in shrimp. Lysozyme catalyzes the hydrolysis of bacterial cell walls and acts as a non-specific innate immunity molecule preventing the invasion of bacterial pathogens in eukaryotes and prokaryotes (Jollès & Jollès 1984) . Recently, some studies have shown that the shrimp lysozyme displays lytic activity against several Vibrio species and white spot syndrome virus (WSSV) (Hikima et al. 2003 , Zhao et al. 2007 , Yao et al. 2008 . The activated innate immune system also engages in phagocytosis to eliminate invading microorganisms. During this process, microbicidal reactive oxygen species (ROS), such as superoxide anion (O 2 -), hydrogen peroxide (H 2 O 2 ), hydroxide ions (OH -), and singlet oxygen (O 2 ·) and reactive oxygen intermediates (ROI) are produced and need to be eliminated promptly with the aid of the antioxidant enzymes such as superoxide dismutases (SOD) and catalase (CAT) found in virtually all oxygen-respiring organisms (Holmblad & Söderhäll 1999 , Devasagayam et al. 2004 , Yao et al. 2004 , 2007 . These can destroy foreign invaders efficiently if directed at the right target.
Many pathogens that affect the sustainable development of the shrimp culture industry, including viral, bacterial and fungal species, have been identified (Lightner & Redman 1998) . Among the shrimp viral pathogens, WSSV is highly pathogenic and responsible for a huge economic loss in the shrimp industry worldwide (Chang et al. 1998) . Disease outbreak has also been reported to be associated with an increase in Vibrio populations in cultured pond water. Vibriosis has been implicated as the major cause of mortality in juvenile penaeid shrimp (Lightner & Redman 1998 , Sung et al. 2001 .
Our previous work has shown that the shrimp immune response has a complex course and is correlated with many factors in different pathways (Yao et al. 2005 , 2009 , 2010 , Ji et al. 2009 ). Several important immune factors and genes of the Pacific white shrimp Litopenaeus vannamei have been studied. However, the relationships among the recognition system, the proPO system, and the non-oxidative and oxidative antibacterial system in shrimp after stimulation with Vibrio species and WSSV are poorly understood. In this study, we infected L. vannamei with Vibrio parahaemolyticus and WSSV, and investigated bacterial and viral proliferation, animal mortality, and the shrimp immune response, including total hemocyte counts (THCs), PO activity, superoxide anion production and the expression of the immune-related genes C-type lectin, proPO, lysozyme, cytosolic Mn superoxide dismutase (C-MnSOD) and CAT in the hemocytes and hepatopancreas.
MATERIALS AND METHODS

Experimental shrimps. Healthy cultured shrimp
Litopenaeus vannamei (weight 12.5 ± 3.6 g, length 11.2 ± 1.4 cm) were sampled from Xiamen, China, and acclimated for at least 2 d in 2 m 3 tanks in salinity (18 ‰), temperature (24°C), and density (2 shrimps l -1 ) conditions similar to those of the culture ponds from which the specimens were obtained. Shrimps were selected randomly for PCR analysis to detect Vibrio parahaemolyticus and WSSV. No sexual distinction was made and only intermolt individuals were used in this study.
Experimental pathogens. Vibrio parahaemolyticus (G¯) was isolated from diseased Pacific white shrimp and cultured in media (1% peptone, 0.3% yeast extract, 2% NaCl, pH 7.2) at 28°C for 24 h before use. WSSV was obtained from WSSV-infected shrimp and was kindly supplied by Dr. Xiaobo Zhang.
Immune challenge and sample collection. Shrimp immune challenge was performed by intramuscularly injecting 50 µl Vibrio parahaemolyticus or WSSV suspension in physiological saline solution (La Peyre & Chu 1990 ) into the last abdominal segment of each shrimp at a concentration of 2 × 10 8 CFU ml -1 or 10 5 copies ml -1
, respectively (shrimp lethal dose, LD 50 , at 48 h). Shrimp injected with 50 µl sterile physiological saline solution were maintained as controls. Six shrimp were used for each group, and each treatment was composed of 3 replicates of 6 shrimp. Hemolymph was collected from the ventral sinus, diluted 1:2 in precooled sterile shrimp anti-coagulant as described by Vargas-Albores et al. (1998) . Hemocytes were isolated by centrifugation at 800 × g, 4°C, for 5 min and preserved immediately in liquid nitrogen. At the same time, the hepatopancreas was dissected out and pre-served in liquid nitrogen for RNA extraction. Hemocytes and hepatopancreas were collected from each group at 3, 6, 12, 24, and 48 h after injection, and preserved for biochemical assay and real-time reverse transcription polymerase chain reaction (RT-PCR).
Hemocyte lysate supernatant (HLS) preparation. HLS was prepared using modified techniques (Smith & Söderhäll 1991) . The diluted hemolymph (0.6 ml) was centrifuged at 800 × g for 10 min at 4°C, the cell pellet was rinsed, re-suspended gently in 0.6 ml ice cold cacodylate-citrate buffer (10 mM sodium cacodylate, 450 mM NaCl, 10 mM trisodium citrate, pH 7.0), and then centrifuged again. The pellet was then resuspended in 0.6 ml ice cold cacodylate (CAC) buffer (10 mM sodium cacodylate, 450 mM NaCl, 10 mM CaCl 2 , 260 mM MgCl 2 , pH 7.0). This suspension was homogenized with a sonicator equipped with a microtip (10 W × 5 s, 5 times with 20 s intervals) and centrifuged at 15 000 × g for 20 min at 4°C. The supernatants were adjusted to similar protein concentrations and stored at -80°C as HLS preparations. Protein content in the HLS was measured via the Bradford (1976) method, using bovine serum albumin as a standard protein.
Vibrio parahaemolyticus and WSSV proliferation, and shrimp mortality. Samples were prepared according to the method described by Yang et al. (1997) . Briefly, 20 µg shrimp muscle was homogenized in 500 µl of guanidine lysis buffer (50 mM Tris-HCl, pH 8.0, 25 mM EDTA, 4 M guanidinium thiocyanate, 0.5% N-lauroylsarcosine) at room temperature. After centrifugation at 15 000 × g for 3 min, 20 µl silica were added to the supernatant for DNA absorption. Subsequently, the mixture was rotated for 5 min, followed by centrifugation at 15 000 × g for 30 s. The pellet was rinsed twice with 70% ethanol and resuspended in 20 µl distilled water. Then it was centrifuged at 15 000 × g for 2 min. The DNA sample was used at a concentration of 50 ng µl -1 as a PCR template to detect pathogen proliferation, and β-actin was used as an internal reference (β-actin-2 primers, Table 1 ).
For detection of Vibrio parahaemolyticus, PCR was performed using 2 Vibrio-specific primers targeting the toxR gene (Table 1) , with 1 cycle of denaturation at 94°C for 3 min, 40 cycles at 94°C for 30 s, 54°C for 30 s and 72°C for 30 s, followed by a 10 min extension at 72°C. For WSSV detection, PCR was performed using 2 WSSV thymidine kinase primers (Table 1 ) with 1 cycle of denaturation at 94°C for 3 min, 40 cycles at 94°C for 30 s, 68°C for 30 s and 72°C for 30 s, followed by a 10 min extension at 72°C (Xu et al. 2007) .
Shrimp mortality was evaluated by calculating the number of dead shrimp after intramuscular injection of a 50 µl suspension of Vibrio parahaemolyticus or WSSV. Ten shrimp were used for each group, and each treatment was carried out in triplicate. THCs. Samples of 100 µl diluted hemolymph were fixed with an equal volume of 10% formaldehyde for 30 min at 4°C. A drop of the 2 columns hemolymph suspension was placed on a hemocytometer, and THCs were carried out using a light microscope (Olympus).
PO activity assay and respiratory burst activity. PO activity in HLS was measured according to the method described previously (Söderhäll & Unestam 1979 , Smith & Söderhäll 1991 ) and using L-DOPA (L-3, 4-dihydroxyphenylalanine, Sigma) as substrate and trypsin (Sigma, cat. no. T0646) as activator. Briefly, 200 µl HLS was incubated with 200 µl 0.1% trypsin in CAC buffer at room temperature for 30 min, and then 200 µl 0.3% L-DOPA in CAC buffer was added. Each reaction mixture was further diluted with 600 µl CAC buffer and mixed, and the optical density was measured at 490 nm. Absorbance measurements were made against a blank consisting of CAC buffer, L-DOPA and trypsin to control for spontaneous oxidation of the substrate alone. One unit of enzyme activity was defined as an increase in absorbance of 0.001 min -1 mg -1 protein. Superoxide anion detection. Superoxide anion was quantified by the method of Muñoz et al. (2000) . Briefly, a determined number of hemocytes (about 5 × 10 5 ) collected from 6 shrimp were deposited in triplicate in 100 µl final volume of medium in wells of a 96-well microtiterplate (Corning Costar 3599) and incubated in humid conditions for 30 min at room temperature to allow adherence of the hemocytes. The supernatants were then removed and replaced with 100 µl CM solution (2.63% NaCl, 0.042% KCl, 0.006% NaH 2 PO 4 · 2H 2 O, 0.32% MgSO 4 · 7H 2 O, 0.074% CaCl 2 · 2H 2 O, 0.03% L-glutamine, pH 7.45). Then, 50 µl 0.3% nitroblue tetrazolium (NBT) working solution in the appropriate medium were immediately distributed to the wells. Following a 2 h incubation, the supernatants were removed and the hemocytes were fixed by the addition of 200 µl absolute methanol, washed twice with 70% methanol, then dried. The formazan deposits were solubilized in 120 µl 2 M KOH and 140 µl DMSO. After homogenization of the contents in the wells, the extinction was read at 620 nm in a Synergy HT MultiDetection Microplate Reader.
Total RNA isolation and cDNA synthesis. Total RNA was extracted from hemocytes and hepatopancreas with TriPure Isolation Reagent (Roche) following the manufacturer's protocol, and the RNA was treated with RQ1 RNase-Free DNase (Promega) to remove the contaminating DNA. First strand cDNA was synthesized from total RNA by ReverAidTM M-MuLV Reverse Transcriptase (Fermentas) with oligo(dT)18 primer following the manufacturer's protocol.
Quantitative real-time RT-PCR (qRT-PCR) analysis of gene expression. Expression of the 5 target genes (lectin, proPO, lysozyme, C-MnSOD, catalase) and the internal control (β-actin) were measured by qRT-PCR. Primers of each gene were designed based on published Litopenaeus vannamei cDNA using the Primer Express 2.0 software (ABI) ( Table 1) . cDNA reverse transcribed from hemo cytes and hepatopancreas was used as the template for analyzing the expression of the target genes. All PCR products were cloned into the pMD18-T vector (TaKaRa) and sequenced by Invitrogen (Shanghai).
Real-time RT-PCR was carried out in an ABI 7500 Real-time Detection System (Applied Biosystems) using a protocol described previously (Ji et al. 2009 ). Dissociation analysis of amplification products was performed at the end of each PCR reaction to confirm that only 1 PCR product was amplified and detected. cDNA from each target tissue of the 6 experimental shrimp was used for analysis. Each sample was run in duplicate for each gene, using the shrimp β-actin gene as the internal control. A negative control reaction was included for each primer set by omitting the template cDNA. After the PCR reaction, data were analyzed with the ABI 7500 SDS software (Applied Biosystems). To maintain consistency, the baseline was set automatically by the software. The comparative threshold cycle (CT) method (2 -ΔΔC T method) was used to analyze the expression level of the target gene (Livak & Schmittgen 2001) . All data were given in terms of relative mRNA expressed as mean ± SE. The data was subjected to t-test analysis, and p-values smaller than 0.05 were considered statistically significant.
Statistical analysis. A multiple comparison (Tukey's honestly significant difference, HSD) test was performed to examine the significant differences among treatments using the SPSS 15.0 software (SPSS). Percent data (susceptibility test) were normalized using an arcsine transformation before analysis. Differences were considered statistically significant when p < 0.05. The results of 1-way ANOVA were plotted using Origin 8.0 software (OriginLab).
RESULTS
Vibrio parahaemolyticus and WSSV proliferation and shrimp mortality rate detection
A 368 bp segment of the toxR gene from Vibrio parahaemolyticus and a 300 bp segment of the thymidine kinase gene from WSSV were obtained and sequenced. The proliferation of both pathogens showed a remarkable time-dependent increase after injection (Fig. 1) . The results showed that 56.7 ± 15.3% and 46.7 ± 5.8% shrimp died after V. parahaemolyticus and WSSV injection, respectively ( Table 2 ). The mortality of shrimp injected with V. parahaemolyticus or WSSV was significantly higher than that of the control group at 24 and 48 h.
Non-specific immunity parameters of shrimp
THCs showed a significant decrease after Vibrio parahaemolyticus and WSSV injection (Fig. 2) . They gradually decreased from 3 to 48 h post-injection, with the lowest point appearing at 48 h (p < 0.05). From 12 to 48 h, the THCs were much lower in the WSSVinjected group than in the V. parahaemolyticusinjected group. In the control group, the THCs of the shrimp did not change significantly.
Following treatment with Vibrio parahaemolyticus and WSSV, PO activity in shrimp hemocytes showed significant changes (Fig. 3A) . It dropped significantly following injection with V. parahaemolyticus, reaching a value of 36.7% of the control group value at 6 h postinjection (p < 0.05), and then it showed fluctuating recovery. However, after WSSV injection, the lowest activity (16.4% of the control group value) was reached at 48 h. PO activity in the control group did not show any significant change. In the hepatopancreas (Fig. 3B) , PO activity increased from 3 to 6 h after V. parahaemolyticus injection, with a peak value of 2.1 times as high as that of the control group. It then decreased gradually and was lower than that of the control group at 48 h post-injection (p < 0.05). In the WSSV injection group, PO activity increased significantly at first, with a peak of 1.6 times higher than that of the control group at 3 h after injection (p < 0.05). However, it decreased sharply at 6 h (p < 0.05), and maintained a low level up to 48 h after injection. The superoxide anion production in shrimp hemocytes increased significantly after injection with Vibrio parahaemolyticus and WSSV (Fig. 4) . The highest value appeared at 3 h after WSSV injection, and was 2.7 times as high as that of the control group (p < 0.05). A high level was maintained up to 48 h after injection. Superoxide anion production in the control group did not show notable variation.
Expression profiles of immune-related genes
Expression profiles of the lectin gene in hemocytes and the hepatopancreas after Vibrio parahaemolyticus and WSSV injection are shown in Fig. 5 . In hemocytes, the level of lectin transcripts dropped at 3 h and remained at a low level up to 12 h after injection with V. parahaemolyticus (p < 0.05). However, it increased dramatically at 24 h and reached a peak at 48 h postinjection, with a value 3.9 times higher than that of the control group. After WSSV injection, the lectin expression level only increased significantly at 24 h. However, in the hepatopancreas, the level of lectin transcripts dropped sharply at 3 h post-injection (p < 0.05) and maintained a low level up to 48 h after injection with V. parahaemolyticus and WSSV. The expression of lectin transcripts in the control group did not show significant variation post-injection.
Expression profiles of the proPO gene in hemocytes and the hepatopancreas after Vibrio parahaemolyticus and WSSV injection are shown in Fig. 6 . In hemocytes (Fig. 6A) , a significant decrease in proPO expression (p < 0.05) was observed from 3 to 48 h after injection with V. parahaemolyticus and WSSV. However, in the hepatopancreas (Fig. 6B) , the proPO expression levels increased at 48 h post-injection with both bacteria and virus (p < 0.05).
Expression profiles of the lysozyme gene in hemocytes and hepatopancreas after Vibrio parahaemolyticus and WSSV injection are shown in Fig. 7 . In hemocytes, the level of lysozyme transcripts showed a sharp Changes (mean ± SE) in superoxide anion production in hemocytes after injection with Vibrio parahaemolyticus or WSSV at 0, 3, 6, 12, 24 and 48 h. Shrimp physiological saline was injected as a mock induction. Different letters indicate significant differences (p < 0.05) among treatments at the same time point post-injection increase after injection with bacteria and virus, with a peak value 66.59 times higher than that of the control group at 3 h (p < 0.05) after WSSV injection (Fig. 7A) . In the hepatopancreas, the level of lysozyme transcripts decreased from 3 to 12 h post-injection with V. parahaemolyticus, and then it began to increase and reached its peak at 48 h post-injection, with a value 7.24 times as high as that of the control group. However, lysozyme expression increased and reached a peak value at 12 h after WSSV injection, and then it gradually recovered to the control value at 48 h (Fig. 7B) . Expression profiles of the C-MnSOD gene in hemocytes and the hepatopancreas after injection are shown in Fig. 8 . In hemocytes, C-MnSOD expression significantly increased at 24 and 48 h after Vibrio parahaemolyticus injection (p < 0.05), with a peak value 17 times higher than that of the control group at 24 h. However, C-MnSOD expression sharply increased at 3 h and then dramatically decreased from 6 to 48 h post-injection with WSSV (p < 0.05). Increased expression of CMnSOD was also found in the hepatopancreas. C-Mn-SOD transcript levels began to increase at 3 h after injection with V. parahaemolyticus, peaked at 6 h and then showed a fluctuating recovery but still maintained a high level at 48 h post-injection. After WSSV injection, C-MnSOD transcript levels only increased at 6 h (p < 0.05), then quickly returned to the control level.
Expression profiles of the CAT gene in hemocytes and the hepatopancreas after Vibrio parahaemolyticus and WSSV injection are shown in Fig. 9 . In hemocytes, CAT transcripts showed a fluctuating increase from 3 h after V. parahaemolyticus injection, and high levels were observed at 24 and 48 h (p < 0.05). However, the expression of CAT began to increase at 3 h and reached a peak value at 24 h (p < 0.05) after WSSV injection (Fig. 9A) . In the hepatopancreas, CAT expression increased significantly from 3 to 48 h postinjection (p < 0.05) with V. parahaemolyticus. It also showed a significant increase post-injection with WSSV, with a peak value 16 times as high as that of the control group at 6 h (p < 0.05) (Fig. 9B) . 
DISCUSSION
Vibrio parahaemolyticus and WSSV are the main pathogens of shrimp. The present study showed that the mortality of V. parahaemolyticus-and WSSVinfected shrimp was significantly higher than that of the control group (p < 0.05). Simultaneously, both pathogens were detected in the shrimp, and the increase in the number of pathogens over time revealed that the significant high mortality was due to the replication of the pathogens (Fig. 1, Table 2 ).
To a certain extent, the THCs reflect the immune response status of the shrimp. The present study demonstrated that THC values decreased after shrimp were injected with Vibrio parahaemolyticus (Fig. 2) . This finding is similar to that of another study on Pacific white shrimp Litopenaeus vannamei, which suggested that the variation in hemocytes might be associated with their migration to the injection site for phagocytosis and aggregation of cells in a defense response (Chiu et al. 2007 ). THCs also dropped rapidly after challenge with WSSV during our experiment (Fig. 2) . Simultaneously, our results showed that the proliferation of V. parahaemolyticus and WSSV increased dramatically and was time-dependent. Similarly, previous studies have also shown that the THC of L. vannamei decreased significantly after infection with virus (Ai et al. 2008 , Yeh et al. 2009 ). The observed decrease in THCs may, therefore, result from the shrimp defense mechanisms which follow bacterial or viral infection, and might be due to hemocyte lysis, cell recruitment towards infected tissues, nodule formation or interference with hemato poiesis (Martin et al. 1998) . The increase in THC after saline injection could be a reaction to tissue injury (Smith & Söderhäll 1986 , Lorenzon et al. 1999 .
C-type lectins are involved in the activation of proPO, antibacterial activation, encapsulation and phagocyto- , Kaneko et al. 2002 , Schroder et al. 2003 , Yu & Kanost 2004 , and many other various biological responses in invertebrates. In the present study, the variation in C-type lectin gene expression in hemocytes and the hepatopancreas after pathogen infection was detected by real-time RT-PCR (Fig. 5) . The results showed that the lectin expression was significantly higher than that in the control group at 24 h post-injection with bacteria or WSSV, similar to those of a previous study in which the expression of a putative Ctype lectin gene in creased in Chinese shrimp after the injection of mixed inactive bacteria (Liu et al. 2007) .
Other research has shown that lectin transcripts are upregulated in shrimp hemocytes in response to WSSV infection (He et al. 2005 , Liu et al. 2007 , suggesting that more lectin needs to be synthesized and might be used for binding or defending against foreign bacteria or virus in hemocytes. However, lectin expression showed sharp down-regulation in the hepatopancreas after injection with Vibrio parahaemolyticus and WSSV. Similar results were found in Litopenaeus vannamei and Fenneropenaeus chinensis hepatopancreas after WSSV challenge (Ma et al. 2007 , Sun et al. 2008 , which may have been due to lectin transcripts in the hepatopancreas being seriously damaged or inhibited by pathogen infection.
Recently, an interesting connection between lectins and the proPO-activating system in insects was reported. In our experiments, both Vibrio parahae molyticus and WSSV were able to significantly inhibit proPO transcripts and PO activity in hemocytes (Figs. 6A & 3A) , which is consistent with previous studies where gene expression of proPO in lobster Homarus americanus and Litopenaeus vannamei hemo cytes could be significantly inhibited by lipopolysaccharide (LPS) and WSSV (Hauton et al. 2005 , Ai et al. 2008 . In this experiment, PO activity in the hepatopancreas was also significantly inhibited by injection with V. parahaemolyticus and WSSV (Fig. 3B) . However, it in creased significantly at 6 h after V. parahaemolyticus injection and at 3 h after WSSV injection, suggesting that the hepatopancreas may play an important role in proPO synthesis or active PO release. These results were not consistent with previous studies in which PO activity was enhanced by components of microorganism cell walls, such as LPS and β-1, 3 glucans (Perazzolo & Barracco 1997 , Hauton et al. 2005 , suggesting that the regulation of proPO and active PO may be non-synchronous, and that PO might respond more quickly at the protein level than that at the gene level. More interestingly, proPO transcripts showed a significant increase in the hepatopancreas at 48 h after injection (Fig. 6B) , suggesting that the transcription of proPO in the hepatopancreas could be induced by V. parahaemolyticus and WSSV. These results indicate that the immune response of the proPO system to different pathogens is not immediate, and support the proposal that proPO activation is mainly based on activation of a serine proteinase from an inactive form to an active form and not on an increase in gene expression levels of proPO (Sritunyalucksana et al. 1999) . PO is the terminal enzyme of the proPO system, and the proPO activating system of the penaeid shrimp is associated with many factors (Cerenius et al. 2008) , the detailed mechanisms of which need to be further studied. Söderhäll & Cerenius (1998) have demonstrated that there is a link between the shrimp proPO activation system and the release of anti-microorganism proteins, among which lysozyme plays an important role in innate immunity. Our study shows that lysozyme transcript levels are increased in both hemocytes and the hepatopancreas after immune challenge (Fig. 7) , suggesting that the expression of lysozyme can be induced by Vibrio parahaemolyticus and WSSV, corresponding to a previous study suggesting that lysozyme might have a broad anti-bacterial spectrum (Schroder et al. 2003) . This latter study also reported that Litopenaeus vannamei lysozyme is mainly expressed in the hepatopancreas and could be induced after bacteria and virus infection. ROI and ROS are produced during normal aerobic metabolism and increase in physiological conditions that result in oxidative stress and during defense reactions. ROI and ROS are then rapidly eliminated by antioxidant enzymes, which may participate in the production of reactive oxygen compounds used in the destruction of engulfed or encapsulated parasites (Campa-Córdova et al. 2002) . As a result, respiratory bursts in hemocytes, and SOD and CAT expression have been widely used to evaluate the defensive ability of shrimp against pathogens (Campa-Córdova et al. 2002) . In this study, a significant increase in superoxide anion production in shrimp was found post-injection with Vibrio parahaemolyticus and WSSV (Fig. 4) . This indicates that the ROS system plays an important role in shrimp defense against foreign pathogens, which is in agreement with the previous report of Campa-Córdova et al. (2002) . Furthermore, our results demonstrate that ROS increased significantly during the early response after WSSV stimulation, suggesting that it may play an important role in this early response to virus infection in shrimp. The transcript levels of CMnSOD and CAT also increased in both hemocytes and the hepatopancreas after V. parahaemolyticus and WSSV injection (Figs. 8 & 9) . These results indicate that more anti-oxidant enzymes needed to be synthesized to balance the ROS system, and both ROS and anti-oxidant enzymes might play an important role in shrimp defense against foreign pathogens, corresponding with other reports of shrimp after bacteria and WSSV infection (Cheng et al. 2006 , Gómez-Anduro et al. 2006 . The down-regulation of CMnSOD in the later stage post-injection with WSSV might be due to the shrimp immune response being destroyed by WSSV. This is consistent with previous studies which showed that after the injection of WSSV, expression of C-MnSOD increased in the early stage and then decreased in the hemocytes of some shrimp species (Gómez-Anduro et al. 2002 , Mathew et al. 2007 , Sarathi et al. 2007 ). C-MnSOD expression peaked earlier in hemocytes than in the hepatopancreas after WSSV injection. This result is consistent with the superoxide anion production, which was very high at 3 and 6 h after injection, suggesting that hemocytes play a more direct role and the enzymes need be released from the hepatopancreas in response to viral infection. Moreover, C-MnSOD might play a more important role during bacterial infection in shrimp and CAT might be more significant during viral infection.
In conclusion, we evaluated the immune response of the shrimp Litopenaeus vannamei to bacterial and viral infection by examining the immune factors that participated in the immune recognition process, the proPO activating system, the antimicrobial peptide system and the active oxygen defense system, on different expression levels. The results suggest that the shrimp mortality rate increased with pathogen proliferation, and the activity of lectin, lysozyme and the ROS system showed a more dramatic increase than that of the proPO system after Vibrio parahaemolyticus and WSSV infection. The intensity of the immune response was closely related with the types of pathogen and was time-dependent. More importantly, the hepatopancreas also played a significant role in the shrimp immune response. 
